Abstract-The influence of the Earth's magnetic field on large area photomultipliers proposed for a future deep sea neutrino telescope was studied under the EU-funded KM3NeT design study. The aims were to evaluate variations in PMT performance in the Earth's magnetic field and to decide whether the use of magnetic shielding is necessary. Measurements were performed on three Hamamatsu PMTs: two 8-inch R5912 types, one of these with super bialkali photocathode, and a 10-inch R7081 type with a standard bialkali photocathode. The various characteristics of the PMTs were measured while varying the PMT orientations with respect to the Earth's magnetic field, both with and without a mu-metal cage as magnetic shield. In the 8-inch PMTs the impact of the magnetic field was found to be smaller than that on the 10-inch PMT. The increased quantum efficiency in the 8 super bialkali PMT almost compensated its smaller detection surface compared to the 10 PMT. No significant effects were measured upon transit time and the fraction of spurious pulses.
I. INTRODUCTION

I
T is well known that the performance of a photomultiplier tube (PMT) is subject to significant variation due to magnetic fields. This is particularly true for large area PMTs, because of the long trajectories of electrons from the photocathode to the anode [1] . Despite this, PMTs with large photocathode area have been widely used in proton decay, astrophysics and neutrino detectors in recent years, since large detection volumes can be reached with a reduced number of detectors. For all projects where PMT orientation is critical, the variations in overall characteristics due to Earth's magnetic field must be investigated. Laboratory tests [2] have shown that an ambient magnetic field with a value of 44 micro-Tesla (The Mediterranean Sea zone) could degrade significantly timing and charge characteristics on large area PMT. Magnetic shielding is thus largely used to reduce magnetic effects and make the response of the PMT sufficiently orientation independent. To this aim, influence of the Earth's magnetic field on large area PMT candidates for a cubic-kilometer-scale underwater neutrino telescope was measured within the framework of the KM3NeT design study [3] . Indeed, the PMTs installed in the neutrino detector change their orientation with respect to Earth's magnetic field because of movements of the detector structure due to sea currents, causing variations in PMTs performance. The aims of the presented study were twofold: to evaluate effects of the Earth's magnetic field on the PMT main parameters, and to decide whether the use of magnetic shielding is necessary or could be avoided in the design of an optical module containing a single large area PMT, thereby reducing costs and simplifying the assembly procedure. Measurements were performed for three Hamamatsu PMTs. Two were R5912 types, with an 8 inch. photocathode, and a 'box and line' dynode structure with 10 stages. One of these had a standard bialkali photocathode (8 STD) ( % @ 400 nm), while the other had a super bialkali photocathode (8 HQE) ( % @ 400 nm). The third PMT was a R7081 type, with a standard bialkali photocathode of 10 inch. (10 STD) and the same dynode structures of the R5912 [4] . All these PMTs have been widely used and tested in the frame of the main neutrino and astroparticle experiments, such as AUGER [5] ANTARES [6] , and NEMO [7] . This paper adds to previous studies a systematic measurement of the influence of the Earth's magnetic field on the overall characteristics of the PMTs. Detection efficiency, Transit Time Spread, gain, peak-to-valley ratio and charge resolution were measured simultaneously while varying the PMT orientations with respect to the Earth's magnetic field, both with and without a mu-metal cage as magnetic shielding. Effects on fractions of four different types of spurious pulses were also studied.
II. EFFECTS OF THE EARTH'S MAGNETIC FIELD
While the effects of Earth's magnetic field on the performances of a large area photomultiplier are principally due to deflections in the trajectories of the photoelectrons drifting from photocathode to first dynode [8] , trajectories of secondary electrons in the dynode chains can also be affected, depending on the orientation of the PMT relative to Earth's magnetic field. The first case is particularly strong for large area PMT, due to the long trajectories of photoelectrons from the photocathode to the first anode. The main effect is a de-focalization of the photoelectrons arriving at the first dynode, which causes a large loss in collection efficiency, and thus in overall detection efficiency [8] , [9] . Moreover, influences of the magnetic field on the trajectories of photoelectrons drifting towards first dynode affect timing properties, such as Transit Time (TT) and Transit Time Spread (TTS), and even the energy of photoelectrons hitting the first dynode, with influences on gain and peak/valley (P/V) ratio. The secondary effect of deviation of electron trajectory in the amplification chain, particularly between first and second dynode considering the relatively large spacing, can also contribute to the decrease of the gain and to the degradation of the charge 0018-9499/$31.00 © 2012 IEEE spectrum, with variation on P/V ratio and charge resolution [8] . Evaluating the contribution of overall effects is possible in single photoelectron condition where the simultaneous measurements of gain, TTS and detection efficiency are possible [1] .
III. MEASUREMENT FACILITY
In order to characterize the PMT response to an injected light source while varying its orientation relative to the Earth's magnetic field, a light-tight dark box (1 0.5 0.5 m) able to rotate with respect to vertical axes (step of 1 ) and to change its inclination (step of 10 ) was constructed. To avoid perturbing the Earth's magnetic field, no magnetic materials were used in its construction, only plastic, plexiglass, and aluminium. As light source, a pulsed laser (PICOQUANT PDL 800-B) was used, with a laser head of 410 nm which can emit light pulses as short as 50 ps FWHM. The laser light was split into two parts with ratio 20:80 and conducted through multimode optical fibers to the PMT under test (lower part) and to a second PMT (higher part) kept still as monitor of the laser source intensity. An op- 
IV. ENVIRONMENTAL MEASUREMENTS OF THE EARTH'S MAGNETIC FIELD
The magnitude and uniformity of the Earth's magnetic field was mapped prior to choosing the placement of the PMT test box. To this aim, local measurements were made on a 2-D grid using a Hall probe Gauss-meter. As shown in Fig. 2 , the value of the Earth's magnetic field in the selected area was measured as 40 micro-Tesla, pointing downward at around 25 from the vertical, with a good uniformity over an area of 1 meter around the test box. [2] , [9] it would be possible to shield PMTs of KM3NeT against the magnetic field using a passive magnetic shield. The shield studied in this work was a wire cage, made of 1 mm diameter wire of mu-metal, a nickeliron alloy with very high magnetic permeability (ITEP, Moscow, [11] ). The wire cage shielding is a good compromise between field reduction and shadowing effects on photocathode. The used cage was composed of two parts. A hemispherical part (30 cm diameter, 14 cm height) which surrounds the entire photocathode area, and a flat part (30 cm diameter) which consists of a disk with a hole in its centre (12 cm diameter) through which the PMT neck could fit. The pitch of the grid was (68 68) mm, giving a shadow effect on the photocathode less than 5%. The shielding factor was estimated by measuring the reduction of the ambient magnetic field in different points inside the volume of the cage. An average reduction of around a factor of 4 was found. 
VI. MEASUREMENTS AND RESULTS
In this study we defined the PMT Z axis as that directed through the centre of the neck towards the photocathode, and the V axis as that vertically downwards (Fig. 3) . The different angles of inclination (tilt) were defined in terms of the angles between the Z axis with respect to the fixed V axis ( in Fig. 3 ). The rotation were defined as the horizontally un-clockwise moving of the PMT Z axis.
The angles of rotation defined the Z axis position with respect to the North direction. ( in Figs. 3 and 4) .
In order to compare results obtained in the different photomultipliers, each PMT started its rotation from the same position with respect to the box and to the Earth's magnetic field. In starting position the PMT Z axis pointed towards the North (Fig. 4) .
Each of the three PMTs was measured in three inclinations: vertically downwards , horizontal position and 50 deg downwards , corresponding to the majority downward-looking (for up-going neutrinos) inclination of PMTs in the future KM3NeT neutrino detector [3] . For each inclination, the PMT under test was rotated 360 in 30 steps.
With the aim of evaluating variations of the PMT characteristics with changing orientation at each position, the detection efficiency, gain, P/V ratio, charge resolution, TT and TTS were measured simultaneously. Fig. 5 shows a block diagram of data acquisition setup. Measurements were made at sea level and ambient temperature. All PMTs were powered using an ISEG PMT active base (type PHQ7081-i-2m), and set at same gain condition of 1.5 , for supply voltages between 1600 V and 1650 V. Finally, the fraction of spurious pulses was measured as the ratio of the number of spurious pulses to the number of main pulses. All measurements were made firstly with the PMTs un-shielded and repeated with the mu-metal magnetic shield.
The laser light was set at the condition of single photoelectron and pulsed using an external generator at a frequency of 10 KHz [7] . Assuming the Poisson distribution for the fluctuation of the number of photons per laser pulse [12] , the spe condition was obtained by attenuating the laser intensity so that around one anode pulse occurs per hundred incident light pulse. In this condition, the probability of more than one photoelectron (pe) being emitted was much lower (a factor 5 [12] ) than the probability that only one pe being emitted.
The tables in the following sections summarize all the measurements. For all sets of measured parameters the minimum, maximum and average values are given, together with the % variation at various tilt angles. Variations, are calculated as the percentage of the difference between maximum and minimum value, divided by the maximum.
A. Detection Efficiency
The ratio between the number of detected pulses and the number of pulses emitted by the laser source defines the detection efficiency. The number of events detected by each PMT was calculated from the integral of the spe transit time spectrum acquired with a threshold of 1/3 of spe. The number of emitted laser pulses were simultaneously counted by the monitor PMT. Fig. 6 shows the detection efficiency calculated for the three PMTs at 50 tilt as a function of orientation with and without the mu-metal cage. Table I summarizes the envelope of measurements at three different inclinations. The detection efficiency values were normalized to the maximal value over all measurements. The error for each measurement was calculated as about 1%.
As reported in other studies on large area PMTs [1] , [8] , [9] , the measurements showed that detection efficiency in un-shielded PMTs is strongly affected by Earth's magnetic field, which influences the trajectory of photoelectrons especially between photocathode and first dynode. We found out that in the naked 8 PMTs the impact of the magnetic field was smaller than that measured in the naked 10 . Indeed, for the 10 , the greatest variation measured while rotating was around the 40%, against the 20% for the 8 STD and the 15% for 8 HQE. The use of the magnetic shield reduces considerably the variations for the 10 PMT, reducing the values of the maximum variations to less than 6%, and to less than 4% for both 8 PMTs. As regards the average values of the detection efficiency measured on shielded PMTs, the increased QE in the HQE 8 PMT compensates the smaller detection area with respect to the 10 .
B. Charge Properties
For each measurement position, the single photoelectron charge spectrum was acquired for each PMT detecting the anode output by using a calibrated charge-amplitude converter (QDC) mod. 7422 produced by SILENA. The photomultiplier response was amplified by a LeCroy 612A fast amplifier. The acquisition of the PMT pulses was enabled with a gate of 100 ns width produced from the laser sync out signal. Fig. 7 shows typical spe charge spectrum. Gain was measured dividing the mean charge value of the single photoelectron PMT response (Fig. 7) for the electron charge and the gain of the fast amplifier. P/V was measured as the ratio of the number of events of the peak and the number of events of the region of the valley in each spe charge spectrum. Charge resolution was calculated as the sigma of the single electron distribution divided by the position of the peak, subtracted by pedestal.
The error for each measurement was about 2% for gain, and around 6% for P/V and charge resolution, which took in account error due to the reproducibility of measurements and analysis procedure of charge spectrums. Fig. 8 shows gain measurements for the three PMTs at horizontal inclination as a function of orientation. Table II shows the results for each set of measurements and maximum variations.
As shown, the greatest value of variation regarding the gain was less than 10% for both the naked 8 PMTs. A similar variation (up to 12%) was seen in another published test on the same standard bialkali 8 PMT [13] , but measured at a lower gain condition of . More considerable variations were instead measured for the naked 10 PMT, up to 29%. The magnetic shield reduces variations in both the 8 PMTs, with values of variation less than 4.4%. In the case of the 10 PMT the effects of the magnetic shield were stronger, with a reduction of the variation to less than 7%.
Considering P/V ratio, considerable variations for all the PMTs were measured without the shield, with a variation, while varying the PMT orientation, up to 41% for the 10 PMT, and up 28% and 24% respectively for standard and super bialkali 8 PMTs. Great reductions of the maximum variations were seen with the magnetic shield: to 14% for the 10 PMT, and to around 10% for the 8 PMTs. A small improvement in the average values was measured using magnetic shield. Fig. 9 shows measurements at . The data are summarized in Table III .
With regard to the charge resolution measurements, large effects due to the magnetic field were measured for the unshielded 10 PMT, with variation up to 50%. The mu-metal cage greatly reduced the variation, to less than 20%. As regards the naked 8 PMTs, the magnetic shield effects were smaller than those measured on the 10 PMT, with values of variation smaller than 16% for the STD photocathode and less than 14% for the HQE photocathode (Fig. 10) . The use of the mu-metal cage also reduced variation for both the 8 PMTs, with values less than 10%. The data for the three PMTs are summarized in Table IV . Fig. 10 shows measurements at 90 of tilt. 
C. Time Properties
The Transit Time spectrum was acquired using a NIM TimeAmplitude Converter (TAC), produced by FAST (mod. 7072T). The laser sync out signal was the START signal. The corresponding PMT response was amplified (LeCroy 612A) and discriminated (Ortec CFD 935) to provide the STOP signal (see Fig. 5 ). The threshold was regulated to 1/3 of the spe signals. In this way we did not measure the absolute transit time, but a relative value, since we were not interested in measuring absolute TT value; only its variation and spread. On the basis of the Transit Time spectra acquired, the Transit Time Spread was calculated as the FWHM of those distributions. Fig. 11 shows typical TT distributions. Each TTS measurements had an error of about 2%. Results for TT do not show significant variations due to magnetic field (Table V) , and thus plots of measurements were not shown. The maximum variations with rotation were less than the 0.5% for the naked PMTs, and even smaller using the mu-metal cage. As expected, the difference in the average value of the TT due to the size difference between 8 and 10 PMT is more noteworthy. Variations over 10% of TTS in all the un-shielded PMTs were measured (Table VI, Fig. 12 ). In particular, for the 10 PMT a maximum variation of around 14% was seen for vertically downward tilt, compared with 20% and 12% measured respectively on the standard and super bialkali 8 PMTs A considerable reduction in TTS variations was measured with the magnetic shielding, but no significant improvements in average values were found, while a systematic difference is more evident at specific angles, i.e., at 90 -120 and 240 -270 (Fig. 12) , which confirmed results taken from tests done on another 10 Hamamatsu PMT, but with 14 stages [9] .
With magnetic shielding the value of the maximum TTS variation was reduced to less than 8% for the 8 standard PMT, and to less than 5% for both the 8 HQE PMT and the 10 PMT. As expected instead, the 8 PMTs had average values of TTS less than those measured on the 10 PMT, due to the smaller distance between photocathode and first dynode.
D. Fraction of Spurious Pulses
Spurious pulses are noise pulses, time-correlated with the PMT main response, which can be divided into four different groups according to their causes and arrival times [7] .
Pre-pulses appear 10-80 ns before the main pulse, in place of it, and are due to photons that pass through the photocathode and produce electrons in first dynode.
Delayed pulses appear 10-80 ns after the main pulse, in place of it, and are pulses produced by photo-electrons that, before producing secondary emission in first dynode, are back-scattered from it.
Type 1 after pulses appear in the 10-80 ns interval time after the main pulse, and are due to photons produced in the electrons multiplier stage, which arrive to the photocathode. Type 2 after pulses arrive in the 80 ns-16 us interval time after the main pulse, and are produced by positive ions of the residual gases inside the PMT which are accelerated towards the photocathode. The percentage of the number of spurious pulses with respect to the number of true pulses was measured for each different group. Spurious pulses were measured for each PMT, in single photoelectron condition, with a threshold of about 1/3 spe [7] . For each local measurements, an error less than 1% was calculated. In order to investigate the influence of the Earth's magnetic field on the fraction of spurious pulses, the first measurements were made on PMTs positioned with vertical inclination, in the range of horizontal orientation angles from 0 to 180 , chosen as the range of maximum variation for detection efficiency. As can be seen in Tables VII, VIII Figs. 13 and 14 , no significant variations were seen. No significant magnetic effects on the fraction of pre-pulses were measured, and consequently no significant improvements with the magnetic shielding (see Table VII) .
No significant orientation-dependent effects of the magnetic field and magnetic shield were measured for delayed pulses for the 8 PMTs. For the naked 10 PMT, however, significant variation in delayed pulse fraction was measured, and this variation is strongly reduced by the mu-metal cage (Fig. 13) . In the case of type 1 and type 2 after pulses, no significant variations due to magnetic field were measured; consequently no significant improvement with the mu-metal cage was expected (Table VIII) . Moreover, the standard bialkali 8 and 10 PMTs had similar fractions of type 1 and 2 after pulse, while the super bialkali photocathode 8 PMT had a larger fraction of type 1 and type 2 after pulses (Fig. 14) , confirming other published studies on other super bialkali PMTs [14] .
VII. CONCLUSION
An intense work of measurements was done studying the variations in the performances of three large area (8 and 10 ) Hamamatsu PMTs while varying their inclination and orientation with respect to the Earth's magnetic field, with and without a mu-metal wire cage as a magnetic shield. A large amount of results was reported in this paper, considering the three different conditions of PMT inclinations (horizontally, vertically and 50 downwards) and simultaneous measurements of detection efficiency, TTS, gain, P/V ratio and charge resolution. A study on the fraction of four different types of spurious pulses was also done.
In general, results confirmed that performance of large area PMTs is significantly subject to variation due to different orientations with respect to the Earth's magnetic field. For the 8-inch PMTs the impact of the magnetic field was found to be smaller than in the 10-inch PMT. The unshielded 10 PMT had larger angle-dependent variations in most of the measured performance parameters due to the Earth's magnetic field. The magnetic shield strongly reduced the variations in 10 PMT and improved its performance. The smaller improvements seen in the 8 PMTs with the mu-metal cage resulted from these tubes' reduced intrinsic sensitivity to the Earth's magnetic field.
Moreover, the increased QE in the HQE 8 PMT almost compensates its smaller detection surface compared to the 10 PMT. Indeed the measured average values of detection efficiency were similar.
Significant variation in delayed pulse fraction was measured only on the naked 10 PMT, however this was greatly reduced by the magnetic shield. No significant magnetic effects were measured on Transit Time, nor the fraction of pre-pulse and type-1 and type-2 after pulses. However it was noted that the HQE photocathode produced significantly greater type-1 and type-2 after-pulsing than the standard bi-alkali photocathode.
All results reported will be useful for selecting the photomultiplier configuration that better matches with requirements of the KM3NeT project, and will give data for simulations and analysis on the neutrino detector performance.
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